The periodic assembly and dispersal of continental fragments, referred to as the supercontinent cycle, bear close relation to the evolution of mantle convection and plate tectonics. Supercontinent formation involves complex processes of "introversion" (closure of interior oceans), "extroversion" (closure of exterior oceans), or a combination of these processes in uniting dispersed continental fragments. Recent developments in numerical modeling and advancements in computation techniques enable us to simulate Earth's mantle convection with drifting continents under realistic convection vigor and rheology in Earth-like geometry (i.e., 3D spherical-shell). We report a numerical simulation of 3D mantle convection, incorporating drifting deformable continents, to evaluate supercontinent processes in a realistic mantle convection regime. Our results show that supercontinents are assembled by a combination of introversion and extroversion processes. Small-scale thermal heterogeneity dominates deep mantle convection during the supercontinent cycle, although large-scale upwelling plumes intermittently originate under the drifting continents and/or the supercontinent.
Introduction
Recognition of the repeated assembly of supercontinents throughout much of Earth history and the profound effects of this cyclic process on Earth's geologic, climatic and biogeochemical evolution demonstrates the fundamental importance of the socalled "supercontinent cycle" (e.g., Condie, 2011) . However, the processes by which supercontinents assemble remains poorly understood. Unlike Wilson's (1966) proposal involving the repeated opening and closure of individual ocean basins known as "Wilson cycles", the episodic assembly and disruption of supercontinents involve more complex processes that induce major changes in the pattern of mantle convection (e.g., Gurnis, 1988; Phillips and Bunge, 2007) . Early studies recognized that the assembly of supercontinents involves either the closure of "interior" oceans created by the breakup of the previous supercontinent (e.g., Worsley et al., 1984) , or the closure of the "exterior" ocean that surrounded the supercontinent following its assembly (e.g., Gurnis, 1988) . Murphy and Nance (2003) introduced the terms "extroversion" (closure of the exterior ocean) and "introversion" (closure of the interior oceans) to distinguish these modes of supercontinent assembly. Whereas most geodynamic models favor extroversion (e.g., Gurnis, 1988; Hoffman, 1991) , the well-studied example of the Pangea supercontinent exemplifies introversion through the closure of the interior Iapetus and Rheic oceans (e.g., Murphy and Nance, 2008; Murphy et al., 2009; Nance et al., 2013) .
Previous numerical simulations of mantle convection incorporating a rigid, nondeformable supercontinent in 3D spherical geometry suggest that supercontinents trigger large-scale horizontal mantle flow, thereby reorganizing the thermal structure of the mantle interior (Yoshida et al., 1999; Phillips and Bunge, 2005; Yoshida, 2010b) . These models also show large-scale upwelling (plumes) originating from the base of the mantle beneath the supercontinent and a thermal structure in the mantle dominated by a spherical harmonic degree of one (i.e., degree-one convection), in which upwelling in one hemisphere is balanced by an antipodal downwelling. The formation of degree-one convection may be closely related to the periodicity of supercontinent cycles Bunge, 2005, 2007) . So far, regular periodic supercontinent cycles with continents assembled through extroversion has been observed in most previous 2D and 3D simulation models using rigid, nondeformable continents (Gurnis, 1988; Bunge, 2005, 2007) .
On the other hand, recent numerical studies presented 3D spherical models with deformable continents and self-consistent plate tectonics (Yoshida, 2010a (Yoshida, , 2012 (Yoshida, , 2013 Rolf and Tackley, 2011; Coltice et al., 2012; Rolf et al., 2012) . In particular, Rolf et al. (2012) performed a systematic numerical simulation of mantle convection with relatively weakly deformable continents and selfconsistent plate tectonics to investigate the quantitative dynamic feedback between continental drift and the thermal state of subcontinental mantle. More recently, Yoshida (2013) performed a numerical simulation of mantle convection with relatively strongly deformable continents with different types of rheological heterogeneity to evaluate the average subcontinental mantle temperature during a supercontinent cycle.
In this study, using the model of Yoshida (2013), we describe a numerical simulation of 3D spherical-shell mantle convection, incorporating drifting deformable continents, to evaluate the process of supercontinent assembly in mantle convection under Earthlike conditions.
Model description
Mantle convection with drifting continents is computed numerically using a staggered grid-based, particle-in-cell, finitevolume code, ConvGS (e.g., Yoshida, 2008a Yoshida, ,b, 2013 . The mantle is modeled as a Boussinesq fluid with an infinite Prandtl number confined in 3D spherical-shell geometry with a thickness of 2867 km, and is assumed to be heated from the bottom and from within by the decay of radioactive elements. Impermeable, freeslip, and isothermal conditions are imposed on both the top and bottom surface boundaries of the spherical-shell. The number of computational grids is taken to be 64 (r) Â 64 (q) Â 192 (4) Â 2 (for Yin and Yang grids) (e.g., Yoshida and Kageyama, 2004) .
Following a preliminary model of Yoshida (2013) , the thermal Rayleigh number is fixed at 5.72 Â 10 6 (corresponding to a reference viscosity of h ref ¼ 10 22 Pa s and a temperature difference across the mantle of DT ¼ 2500 K), and the internal heat production rate is fixed at 3.52 Â 10 À12 W kg
À1
. The resultant basal heating ratio (i.e., the ratio of the total heat flow at the bottom and the top surfaces of the mantle) is about 50e60%, which is comparable to the real Earth's mantle (Lay et al., 2008) , for two models presented here. One of the major differences between the models of Rolf et al. (2012) and Yoshida (2013) is the heating mode. In the model of Rolf et al. (2012) , the bottom boundary is the insulating (i.e., adiabatic) condition.
The viscosity of the mantle, h, depends on temperature according to the formula:
where C is the dimensionless composition field (0 C 1); Dh, the viscosity ratio between continental material and the surrounding mantle (see below); T, the temperature; E, the dimensionless activation energy that controls the viscosity contrast across the mantle;
and h min , the minimum viscosity of the mantle. In the present model, E and h min are set as ln(10 s y , is applied to the top part of the model to realize plate-like behavior in the highly viscous oceanic lithosphere. For simplicity, a low-viscosity asthenosphere generated by the implementation of solidus temperature (e.g., Tackley, 2000; Rolf et al., 2012) is not considered. Following the preliminary model (Yoshida, 2013) , the "initial supercontinent" in the present model is composed of three types of continental material: four pieces of Archean cratonic lithosphere (CL); weak continental margins (WCM) along the sides of the CLs to mimic rheologically weak, Proterozoic mobile belts that surround Archean cratonic lithosphere (e.g., Ring, 1994; Vauchez et al., 1997) ; and weak breakup zones (WBZ), which mimics preexisting suture zones (e.g., Burke et al., 1977; Dewey, 1977) . The supercontinent occupies part of a spherical cap with a uniform initial thickness of 250 km, covering about 39% of the total surface area. The widths of the WCM and WBZ are about 625 km (see Fig. 1 in Yoshida (2013) for details of the initial state of the simulation).
The maximum viscosity ratio between CL and the surrounding mantle, Dh CL , is fixed at 10 3 (Yoshida, 2012) , and the maximum viscosity ratios between WCM and WBZ, Dh WCM and Dh WBZ , are free parameters in the present study. The continental materials are more buoyant (i.e., lighter) than the reference mantle and are assumed to exhibit a density contrast of 100 kg m À3 . The yield stress in the continental materials is set to be infinite, instead of an implementation of WBZs (Yoshida, 2013) . In the present simulation, the initial supercontinent is fixed at a location above a region of mantle convection until the thermal/mechanical conditions of this convection reach a statistically steady state. 
Results and discussion
The preliminary simulation runs revealed that the realization of the supercontinent cycle depends largely on the choice of values for Dh WCM and Dh WBZ (Yoshida, 2012 (Yoshida, , 2013 . In other words, the actual continental breakup and dispersal for the real Earth may be realized only for a limited set of geophysical conditions, particularly with regard to the rheology of the continental interior. When the yield stress, s y, is set at 200 or 300 MPa, the oceanic lithosphere breaks and the resultant oceanic plates subduct along a large part of the supercontinent margin. When the moderate temperaturedependent viscosity is considered, degree-one convection originates (e.g., Yoshida and Kageyama, 2006) , whereas a supercontinent is imposed under this situation, mantle downwellings (i.e., subduction of the oceanic plates) concentrates along half of the supercontinent margin (Yoshida, 2013) . When Dh WCM is relatively high (10 2 ) and Dh WBZ is relatively low (10
À1
, 1, or 10), the four CLs drift freely on the Earth's surface after the breakup of the initial supercontinent. As a result, stable supercontinent cycles are realized. Fig. 1 with Dh WBZ ¼ 1. In both models presented here, the four CLs gather and form a new supercontinent-like assembly ( Fig. 1e and k) . The motions of each CL during the supercontinent cycle are quite irregular because the cold subducting plates along the margins of the separated CLs and hot upwelling plumes originating in a random manner from the base of the mantle would enhance the toroidal component of mantle flow. Fig. 2 shows a time tracking of the centers of the four CLs (CL-A to CL-D) for 800 Myr in Models Y200A and Y200B. It is apparent that the motions of each continent show complex traces with time during the supercontinent cycle. In both models, CL-A (red lines) and CL-D (light green lines) move longer distances, whereas CL-B (brown lines) and CL-C (yellow lines) move around in relatively narrow areas of the Earth's surface for 800 Myr. For instance, in Model Y200A, CL-B and CL-C move around in narrow areas from the breakup of the initial supercontinent (Fig. 1b) to the formation of the next supercontinent at ca. 625 Myr, combining with CL-B and The white line contour shows the temperature anomaly (i.e., the deviation from the horizontally averaged temperature) of the mantle at a depth of 493 km. The contour intervals are 250 C. The solid and dashed lines represent positive and negative temperature anomalies, respectively. "Initial SC" (a, g) and "Next SC" (e, k) indicate the initial and next supercontinents. The white and blue arrows indicate continental collisions accompanied by introversion and extroversion, respectively. Each right panel shows the time sequence of the 3D view of mantle convection, corresponding to the left panel. The blue and yellow isosurfaces of the temperature anomaly are À100 C and þ100 C, respectively. The positions of the CLs are represented by transparent orange caps. The bottom boundary of the mantle (i.e., the core-mantle boundary) is represented as a red spherical surface. "P" and "S" arrows show the upwelling plumes from the core-mantle boundary under the supercontinents and the subducting plates along the supercontinent margins, respectively. CL-C (Fig. 1e) . This continental collision is accompanied by introversion (see white arrows in Fig. 1bed ). On the other hand, CL-D first separates from the initial supercontinent, then circles the Earth for ca. 500 Myr, before eventually combining with CL-B and CL-D to form the next supercontinent. This continental collision is typical of extroversion (see light blue arrows in Fig. 1bed) . Thus, the assembly of the supercontinent is accompanied by a combination of introversion and extroversion. This tendency is also apparent in Model Y200B (Fig. 1hej) . Hence, as implicitly suggested by the previous mantle convection model with weakly deformable continents Rolf et al., 2012 ), the present model with relatively strongly deformable continents do not support the regular periodic supercontinent cycles involving only extroversion observed in previous 2D and 3D simulation models with rigid, nondeformable continental lids (Gurnis, 1988; Phillips and Bunge, 2007) .
The temperature anomaly immediately beneath the supercontinent is generally positive owing to the thermal insulation effect and the active upwelling plumes from the core-mantle boundary ("P" arrows in Fig. 1a, f, g, and l ). This temperature increase would produce sufficient tensional force to breakup the supercontinent.
When the next supercontinent forms, the subduction of oceanic plates along the supercontinent is enhanced ("S" arrows in Fig. 1f and l). In the real Earth, it has been speculated that circumsupercontinent subduction leads to the formation of new largescale upwelling plumes beneath the supercontinents, and eventually leads to the breakup of the supercontinents (e.g., Honda et al., 2000; Zhong et al., 2007; Li and Zhong, 2009) .
Supercontinent cycles with complex continental motions like those shown in Fig. 1 are closely related to the behavior of mantle convection. The heterogeneity spectrogram of the mantle temperature field (Fig. 3) shows that small-scale thermal heterogeneity (i.e., spherical harmonic degrees ! 10) dominates to considerable depths in the mantle under drifting continents during the supercontinent cycle, although several active upwelling plumes intermittently originate beneath the drifting continents and/or the supercontinent. This result suggests that, during a supercontinent cycle, actively subducting cold plates along convergent margins generate thermal heterogeneity with short-wavelength structure. However, long-wavelength thermal heterogeneity (i.e., degree-one or -two) sometimes coexists with the short-wavelength thermal heterogeneity as a result of complex relationships among the distribution of continents, the upwelling plumes, and the subducting plates.
The results from the numerical studies presented in this study confirm that supercontinent cycles involve a combination of introversion and extroversion. Hoffman (1991) proposed an "inside-out" (extroversion) mechanism of assembling continental fragments after the breakup of the Rodinia supercontinent, exemplified today by the Pacific region (Santosh et al., 2009) . Conversely, as stated in Section 1, the Tethyan region exemplifies an "inside-in" (introversion) configuration after the breakup of the Pangea supercontinent (e.g., Murphy and Nance, 2008; Murphy et al., 2009; Nance et al., 2013) . Hence, we conclude that both processes (i.e., introversion and extroversion) operate in the Earth's history. Our results obtained from the model with basal and internal heating is essentially consistent with the previous work of Phillips and Bunge (2007) in which the active upwelling plumes from the core-mantle boundary disrupt the regular periodicity of the supercontinent cycle. The oceanic-continental margins with active subduction zones during the dispersal of the continental fragments decrease the subcontinental mantle temperature, which would be common in our model and Rolf et al.'s model (see Rolf et al., 2012; Yoshida, 2013 for details).
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